Current DNA methylation assays are limited in the flexibility and efficiency of characterizing a large number of genomic targets. We report a method to specifically capture an arbitrary subset of genomic targets for single-molecule bisulfite sequencing for digital quantification of DNA methylation at single-nucleotide resolution. A set of~30,000 padlock probes was designed to assess methylation of~66,000 CpG sites within 2,020 CpG islands on human chromosome 12, chromosome 20, and 34 selected regions. To investigate epigenetic differences associated with dedifferentiation, we compared methylation in three human fibroblast lines and eight human pluripotent stem cell lines. Chromosome-wide methylation patterns were similar among all lines studied, but cytosine methylation was slightly more prevalent in the pluripotent cells than in the fibroblasts. Induced pluripotent stem (iPS) cells appeared to display more methylation than embryonic stem cells. We found 288 regions methylated differently in fibroblasts and pluripotent cells. This targeted approach should be particularly useful for analyzing DNA methylation in large genomes.
DNA methylation is a primary epigenetic mechanism for transcriptional regulation during normal development and goes awry in many diseases, including cancers. Genome-scale patterns of DNA methylation have been characterized by microarray hybridization or bisulfite sequencing 1 . Microarray methods have enabled methylation to be quantified at 1,536 discrete CpG sites in the human genome with the GoldenGate assay 2, 3 . They have also been coupled with methylated DNA immunoprecipitation or methyl-specific restriction enzyme digestion to quantify relative levels of DNA methylation, although the read-outs of such approaches are only averages of the levels of methylation of multiple adjacent CpG sites [4] [5] [6] .
More recently, next-generation sequencing has enabled absolute quantification of DNA methylation with single-nucleotide resolution on a larger scale than previously possible. These efforts include bisulfite sequencing of PCR amplicons from human tissues and cancer cell lines [7] [8] [9] , single-molecule sequencing of reduced representation libraries from mouse embryonic stem cells 10, 11 and whole-genome bisulfite sequencing of Arabidopsis thaliana 12, 13 . Although whole-genome bisulfite sequencing of a mammalian genome should be technically feasible, the large genome sizes pose a considerable challenge 14 .
Selection or enrichment of genomic targets prior to sequencing would substantially reduce sequencing cost. PCR-based target selection is highly specific, but cannot be multiplexed easily for genomewide assays. In comparison, bisulfite sequencing of reduced representation libraries is more scalable in that sample preparation can be performed in a series of single-tube reactions 11 . However, this assay is restricted to CpG dinucleotides adjacent to the recognition sites of certain restriction enzymes. Here we have addressed this limitation by using padlock probes for highly parallel capture of an arbitrary set of sequencing targets from bisulfite-converted DNA. Patterns of DNA methylation across~66,000 CpG sites were characterized in pluripotent stem cells reprogrammed from human fibroblasts. Comparison of iPS cells, derived using three different methods, with matched fibroblasts, hybrid stem cells and ES cells identified localized changes of DNA methylation that are associated with nuclear reprogramming.
RESULTS

Parallel target capture with padlock probes
Padlock probes were previously used for exon capture and resequencing 15 . As in the eMIP method, our approach to targeted bisulfite sequencing involves the in situ synthesis of long (B150 nt) oligonucleotides on programmable microarrays, followed by their cleavage and enzymatic conversion into padlock probes. A library of padlock probes is annealed to the template DNA, circularized, and amplified by PCR before shotgun sequencing (Fig. 1a-c) .
There are, however, two major challenges in performing padlock capture for bisulfite sequencing. First, bisulfite treatment converts all unmethylated cytosines into uracils, resulting in marked reduction of sequence complexity. Achieving specific target capture on bisulfiteconverted DNA is more difficult than on native genomic DNA. Second, we initially observed a low capturing sensitivity, high bias and random losses of alleles with the eMIP method 15 . Obtaining accurate and efficient quantification of DNA methylation was not possible with the existing protocol, especially with the presence of allelic drop-outs.
We designed 10,582 padlock probes, each capturing a 175-to 225-bp region, including 9,350 probes covering 2,020 CpG islands (Supplementary Table 1 online) on human chromosomes 12 and 20, 705 probes covering 237 promoters in eight ENCODE (the Encyclopedia of DNA Elements) regions, and 527 probes targeting 4-kb regions centered on the transcription start sites (TSS) of 26 genes related to development or pluripotency (Supplementary Table 2 online). The total size of captured fragments was 2.1 Mbp, representing 0.064% of the human genome. Because some probes contain CpG sites within the capturing arms, we iterated all possible C/T combinations on these CpG sites, and synthesized a total of 30,000 nondegenerate probes. We chose to perform the proof-of-concept study focusing mostly on CpG islands primarily because they represent a relatively well-defined set of genomic features in the human genome annotation. To increase the sensitivity and reduce bias, we increased the probe/target ratio by more than tenfold, extended the reaction time and added an additional five cycles of circularization compared with the published protocol 15 . To integrate construction of sequencing libraries with padlock capture, we developed a new method that uses a combination of uracil-specific excision reagent (USER) enzymes and S1 nuclease to create fragments with random ends (Fig. 1d) .
We first validated the targeted bisulfite sequencing method by capturing bisulfite-converted Jurkat cell genomic DNA with all 30,000 padlock probes in a single-tube reaction. PCR amplicons from the circularization reactions were template specific, and PAGE analysis showed the expected size distribution (Fig. 1e) . We estimated the specificity of the capturing reaction by ligating captured DNA fragments to a sequencing vector, cloning these into Escherichia coli, and sequencing 96 clones. Of 89 high-quality Sanger sequencing reads obtained, 80 were from the targeted regions, indicating a specificity of 90%. We then used an Illumina Genome Analyzer to sequence the ends of the captured fragments. We mapped 5.5 millions reads to 10,364 of 10,582 targets, which translate to a sensitivity of 98%. These results indicate that padlock probes can specifically extract a large set of genomic targets for single-molecule bisulfite sequencing.
Normalization of padlock-captured DNA fragments Although 98% of the targets were observed at least once in the endsequencing analysis, the abundance of different captured fragments varied across a 10,000-fold range. Analysis of variance revealed that the bias resulted from a combination of factors, including GC content and length of the ligation arms, and the size of the targets to be captured ( Supplementary Fig. 1 online) . To normalize the relative abundance among different DNA fragments, we used a combination of two strategies: 'subsetting' and 'suppressor oligos' (Fig. 2) . All 30,000 padlock probes were ranked based on the capturing efficiency determined by end sequencing, and divided into four subsets, two containing 5,000, and two containing 10,000, oligos. The three less efficient subsets were resynthesized. For each DNA sample, four capturing reactions were performed separately using probes from the original set of 30,000 and the three resynthesized subsets. The PCR amplicons from the capturing reactions were pooled in equal molar ratios before constructing a shotgun sequencing library (Fig. 2a) . This subsetting strategy increased the relative abundance of less efficient targets by orders of magnitude. For reasons that we still do not fully understand, a very small number of probes were extremely efficient. For example, the top 48 (0.016%) most efficient probes account for 13.3% of mappable reads in the end-sequencing analysis. Although the subsetting strategy allowed us to adjust relative abundance among several relatively large subsets of probes, we also needed a method to specifically reduce the efficiency of a small number of probes in a library. For this, we designed a set of 48 suppressor oligos, which contained chimeric sequences: the 5¢ region was reverse complementary to the extension arm H2, and the 3¢ region contained a short sequence unrelated to the ligation arm H1. When these suppressor oligos were mixed with padlock probes in a high molar ratio (100-fold molar excess of suppressor oligos), the 48 most efficient probes tended to anneal to the suppressor oligos, were extended from the 3¢ ends and yielded linear-extended sequences that were removed in the subsequent exonuclease digestion (Fig. 2b) . We tested this normalization strategy on the same bisulfite-converted Jurkat cell DNA, performed end sequencing on the captured DNA fragments and obtained 2.2 million mappable reads. The effect of normalization was obvious: the fraction of probes with at least half of the average abundance increased from 31% to 49%; the average efficiency for the 48 most abundant probes was reduced by fivefold ( Fig. 2c,d ).
Accuracy of methylation quantification
To validate the measurement accuracy of our method, we took advantage of the built-in redundancy in our probe design. Each CpG island was covered by multiple probes targeting partially overlapping DNA fragments on alternating strands (Fig. 1b) . The CpG sites in the overlapping regions were captured independently from two DNA strands with different probes. Because the sequencing reads were mapped in a strand-specific manner and CpG methylation is symmetric on the two DNA strands 13 , the accuracy of the assay can be determined by comparing the methylation level of these CpG sites on the two strands. For 2,697 such CpG sites that were covered by 450 sequencing reads, the Pearson correlation coefficient (R) was 0.987 ( Supplementary Fig. 2a online) . To confirm the measurement accuracy with an independent method, we quantified the methylation levels of 182 randomly selected CpG sites with conventional bisulfite Sanger sequencing. Correlation between the two assays was high (R ¼ 0.975; Supplementary Fig. 2b ). Finally, we compared the methylation measurements from two batches of IMR90 fibroblast cultures. Excellent correlation was observed between the biological replicates (R ¼ 0.970; Supplementary Fig. 2c ). Taken together, these three validation experiments indicate that our assay is highly robust.
The CpG sites characterized in this study were based on the human reference genome (UCSC hg18). A small fraction of such sites could be different in our samples owing to the presence of genetic variations. Particularly, C-T transitions at CpG sites cannot be distinguished from unmethylated CpG sites after bisulfite conversion. Such transitions are detectable, however, if the sequences of the reverse complementary strand are available. We would expect to see asymmetric dinucleotides: TG on one strand and TA on the other. We searched for sites with such an asymmetric pattern in the subset of regions that were captured and sequenced from both strands, and found from 11 to 38 transitions in each sample (Supplementary Table 3 online). The majority (57-90%) of such transitions are known C/T polymorphisms in the NCBI single-nucleotide polymorphism (SNP) database. Because Hues6-BJ-Hybrid1 is a tetraploid, the number of transitions in this hybrid line is roughly twice as many as in other cell lines. As C-T transitions represent only 0.13-0.32% of CpG sites, the resulting artifacts are negligible. Padlock capture yields relatively short products (insert sizes of 175-225 bp). As such small DNA fragments cannot be further fragmented using conventional DNA shearing methods, such as nebulization or hydra-shearing, we developed an enzymatic fragmentation method for constructing shotgun sequencing libraries. To validate this method, we compared enzymatic fragmentation with adaptive focused sonication 16 . Two sequencing libraries were made from the same padlock-captured DNA (Hues6-BJ-Hybrid1) using the two methods, and sequenced. The methylation levels are highly consistent between the two libraries (Pearson R ¼ 0.994 for the 22,937 CpG sites covered with 450 sequencing reads in both libraries; Supplementary Fig. 3a online) . We also characterized the average sequencing coverage across the capturing targets. Both methods exhibit bias toward the center of the sequences, which was commonly observed in fragmentation of DNA with defined sizes. However, our enzymatic fragmentation protocol produced more even coverage across the captured DNA fragments ( Supplementary Fig. 3b ).
Single-molecule analysis of DNA methylation in iPS cells
To demonstrate the utility of targeted bisulfite sequencing, we characterized the changes of chromosome-wide methylation status during reprogramming of human fibroblasts to pluripotent cells. We performed the methylation assay on three sets of fibroblasts and iPS cells from three laboratories: IMR/IMR90-iPS 17 reprogrammed with four factors (Oct4, Sox2, Nanog and Lin28); hFib2/hFib2-iPS 18 reprogrammed with a different set of factors (Oct4, Sox2, Klf4 and Myc); BJ/BJ-iPS11/BJ-iPS12 (ref. 19) reprogrammed with the five factors (Oct4, Sox2, Nanog, Klf4 and Myc) controlled by an inducible promoter. We also characterized a line of hybrid stem cells (BJHues6-Hybrid1) 20 , which were reprogrammed by fusing the human fibroblasts (BJ) with hES cells (Hues6), as well as three hES cell lines (Hues12, Hues42, Hues63). We performed bisulfite conversion, padlock capture and construction of shotgun sequencing libraries on each DNA sample. We sequenced each library in one lane in the flow cell of Illumina Genome Analyzer, and obtained 2-3 million reads that were mapped to the targeted regions ( Table 1) . The bisulfite conversion rates were 498.5%. To avoid stochastic sampling drift, we removed CpG sites that were covered by o10 reads from the following analyses.
DNA methylation in 2,020 CpG islands
The global methylation patterns in all 12 samples (11 cell lines plus a biological replicate on IMR90 fibroblasts) were visualized using the UCSC Genome Browser. The chromosomewide patterns of CpG island methylation were highly similar among all the cell lines (Fig. 3a,b ). Globally, the methylation level of CpG dinucleotides followed similar bimodal distribution: 67% were weakly methylated (o20% methylation), 22% were highly methylated (480% methylation) and the remaining 11% have intermediate levels of methylation ( Supplementary Fig. 4 online) . To distinguish CpG islands with different methylation patterns, we generated a histogram (bin size ¼ 0.05) for the distribution of methylation on all CpG sites within a CpG island. Treating such histograms as 20-component vectors, we performed hierarchical clustering to partition the CpG islands, and divided all CpG islands into three clusters based on the similarity of distribution between pluripotent and fibroblast lines ( Supplementary Fig. 5 online): in cluster 1, the CpG islands (1,451; 77.3%) have similar distributions in the two cell types (R 4 0.5); in cluster 2, CpG islands (252; 13.4%) have less similar distributions (0.5 Z R 4 0); in cluster 3, CpG islands (173; 9.2%) are anti-correlated (R r 0). Therefore, only a small fraction of CpG islands show cell-typespecific methylation.
Because CpG islands are not defined in a functional manner, we divided the CpG islands into three categories. The first comprises CpG islands in the regions from 2 kb upstream to 500 bp downstream of TSS. These 'upstream regions' often include promoter regions. The second class ('gene body CpG islands') comprises CpG islands in the regions from 500 bp downstream of TSS to the ends of the last exons. The final category comprises CpG islands outside of gene body and promoter regions. CpG islands in each category were further divided into three groups according to CpG density. Consistent with previous findings, most (91.8%) CpG islands in promoter regions were weakly methylated (o20% methylation), 3.4% were highly methylated (480% methylation) and the remaining 4.8% showed an intermediate level of methylation (20-80% methylation). The distributions are quite similar among the three groups with different CpG densities ( Supplementary Fig. 6a online) . In contrast, only 45.2% of CpG islands in the gene body were weakly methylated, whereas roughly one-third of them (37.7%) were highly methylated. Methylated CpGs tend to locate in islands with low CpG density ( Supplementary  Fig. 6b ). In regions outside of gene body and promoter regions, we found more weakly methylated CpG islands (58.9%) than highly methylated CpG islands (26.6%) (Supplementary Fig. 6c) . Similarly, CpG islands with low CpG density were more methylated. There were 80 genes in our data set that contained both promoter-region CpG islands and gene-body CpG islands. Sixty-two of these genes were weakly methylated in promoter regions. Among these, 48.4% were highly methylated in the gene body and 29.0% displayed weak gene-body methylation.
CpG island methylation and gene expression As methylation at CpG dinucleotides is considered an important transcriptional regulatory mechanism, we sought to characterize the effects of methylation at different CpG sites on gene expression. We used the Illumina HumanRef BeadArray to profile gene expression of nine cell lines (hFib, hFib-iPS, BJ, BJ-iPS12, IMR90, IMR90-iPS, Hues12, Hues42, Hues63) and then investigated the distribution of functional methylation sites relative to gene structures. For both chromosomes 12 and 20, we computed the Spearman's rank correlation between the average methylation level of all CpG sites in 500-bp windows and the expression level of its corresponding genes. The 500-bp windows were moved relative to the TSS of the corresponding genes with a step size of 200 bp from 10 kb upstream to 10 kb downstream, excluding genes with multiple TSS. Windows that overlap with adjacent genes in the upstream or downstream regions were also removed from the analysis. To exclude artifacts resulting from uneven sampling of CpG sites only from CpG islands, we permutated the gene expression values to establish the empirical distribution of background correlation coefficients. These were then used to estimate the significance of correlation between DNA methylation and gene expression. We found that methylation in a 2.4-kb region (TSS upstream 1.0 kb to downstream 1.4 kb, P o 1 À10 ) showed the strongest negative correlation with gene expression (Fig. 3c) . The methylation level and gene expression became positively correlated in the 2-to 10-kb region downstream of TSS, suggesting that active genes tend to be unmethylated around the TSS, but methylated in the gene body. This is consistent with the observation of gene body methylation in actively transcribed genes [21] [22] [23] . We also observed significant correlation (P o 0.01) between gene expression and methylation in other regions, which could be related to the chromatin structure of active genes or anti-sense gene expressions (Fig. 3c) .
Differentially methylated regions associated with reprogramming
We next sought to identify regions that exhibit methylation differences between fibroblasts and pluripotent cells. The weakly or negatively correlated CpG island clusters identified above were based on the overall distribution of CpG methylation in CpG islands. The singlenucleotide resolution data obtained in this study allowed us to search for regions with specific changes independent of the definition of CpG island. We started by examining the methylation levels in the TSS flanking regions associated with the 26 selected genes. Most of these genes' overall methylation frequencies were similar between pluripotent cells and fibroblasts but there were a few genes (e.g., OCT4 (also known as POU5F1), DNMT3B, and NANOG) for which methylation frequencies were noticeably different between the two cell types (Fig. 3d) . We found that these genes contained differentially methylated regions (DMRs) that were separated by stretches of CpG sites Fibroblasts  STAT3  WNT5A  WNT3  FGF2  SOX2  PAX6  FOXD3  HAND1  OTX2  SKIL  PDGFRA  MEIS1  TCF3  REST  SNRPN  MEG3  LEFTY2  CDX  HESX1  FGF7  IPW  Oct4  ZIC3  NANOG  UTF1 with little methylation difference (Fig. 3e) . To search for DMRs with similar patterns in all the regions included in this study, we performed K-mean clustering (k ¼ 2) on the 12 data sets based on the methylation level of all CpG sites in 400-bp windows sliding along the chromosomes with the step size of 100 bp. Excluding windows that contain o3 CpG sites or 430% missing values, we examined a total of 18,434 windows. We reasoned that, for a true DMR, the eight data sets from pluripotent lines and four sets from fibroblast lines should be distinguished based on the methylation of all CpG sites in the region. Therefore, windows in which partitioning is consistent with the phenotypic difference were considered as candidate DMRs. We also required that the difference of median methylation should be at least 0.1 between stem cells and fibroblasts. A total of 1,273 partially overlapping DMRs were found.
ES cells iPS cells
To evaluate the robustness of this procedure, we randomly shuffled the 12 data sets, and applied the same algorithm on the permutated data where at least three samples were placed into incorrect categories. We found an average of 6.8 DMRs in 100 permutations, suggesting a false-positive rate of 0.53%. After combining multiple overlapping DMRs, we found 288 discontinuous DMRs (44 from ENCODE promoters, 16 from selected genes, 228 from CpG islands) that were associated with reprogramming. To identify associated genes, we mapped these DMRs to regions from 10 kb upstream to 10 kb downstream of the TSS of RefSeq genes. We mapped 132 DMRs to 155 genes, including 10 from the 26 selected genes, 49 in the ENCODE regions, and 96 on chromosomes 12 and 20 (Supplementary Table 4 online). We then looked for the enrichment of genes in certain functional categories. Because some targets were chosen based on known functions, we focused on a subset of 125 genes on chromosomes 12 and 20, and five ENCODE regions (ENm004, ENm005, ENm007, ENr123, ENr333) to avoid sampling bias. We performed gene ontology analysis using DAVID tools 24 . At a false-discovery rate of o0.05, we found six enriched functional categories related to ion transport for the 94 genes associated with an elevated level of methylation in pluripotent cells. The other 31 genes associated with reduced methylation in pluripotent cells were enriched for eight functional categories related to transcription, metabolic and developmental regulations (Supplementary Table 5 online). hES cells have unique gene expression and methylation signatures 3, 25 . To test whether we can distinguish pluripotent cells based on the methylation profiles established in this study, we performed hierarchical clustering on the methylation level on all CpG sites with at least 50Â sequencing coverage. Fibroblasts and iPS/ES cell lines were clearly grouped into two different clades (Fig. 3f) . In addition, the iPS and hES cell lines had subtle yet noticeable differences, with the Hues6-BJ hybrid line more closely resembling hES cells. Interestingly, the similarity between hES cell lines and fibroblasts were slightly higher than that between iPS cell lines and fibroblasts (see Supplementary Table 6 online for the similarity matrix). Globally, both iPS and hES cell lines were more methylated than fibroblasts; and iPS cell lines were more methylated than hES cell lines ( Supplementary Fig. 7 online). Locally, key pluripotent genes were less methylated in pluripotent cells (Fig. 3d,e) . These results suggest that iPS cells were reprogrammed into an epigenetic state that made them less similar to fibroblasts than hES cells are. Possibly, the persistent overexpression of transcription factors from integrated viral transgenes accounts for the more substantial shift in the overall epigenetic state ( Supplementary  Fig. 8 online) . Alternatively, such a difference could be due to the minor variations in iPS derivation and hES culture among different laboratories. Further characterization of a larger panel of iPS/hES cell lines with similar passage numbers under standard culture conditions is required to reach a generalized conclusion on whether the epigenetic states of iPS cells differ systematically from those of hES cells.
DISCUSSION
We have demonstrated that padlock probes can specifically extract a large number of genomic regions in single-tube reactions for bisulfite sequencing analysis. The degree of multiplexity is at least four orders of magnitude greater than that possible with conventional PCR-based bisulfite sequencing. The high capturing specificity is contributed by the cooperative annealing of the two capturing arms on the target molecules in proper orientation and distance, the selectivity of DNA polymerase and ligase, and the removal of linear DNA with exonuclease. Although padlock probes have been successfully applied to exon capturing 15 and SNP genotyping 26 , we demonstrate their use with bisulfite-converted DNA with highly skewed nucleotide composition and low sequence complexity. Recent studies showed that most methylation changes are restricted to a very small fraction of the genome outside of CpG islands 11, 23, 27 . Padlock capture is more efficient than full-genome bisulfite sequencing 12, 13 for quantifying DNA methylation, as it allows for focused sequencing on the most informative genomic regions. It also provides a much greater flexibility than reduced representation bisulfite sequencing 11 in the selection of genomic targets, because the latter method is limited to genomic regions closely adjacent to the recognition sites of restriction enzymes, such as MspI.
One current limitation associated with padlock probes is the uneven capturing efficiencies among different probes. We observed a 410,000-fold difference between the most efficient and least efficient probes. Although we have identified some DNA sequence features (that is, melting temperature, gap length, GC compositions) that are statistically correlated with the efficiency, they explained only 18% of the total variation. Other major factors still remain elusive. Further theoretical and experimental analyses are required to achieve a better understanding of padlock formation. Using a combination of two normalization strategies, we have dramatically reduced the capturing bias, which is only slightly higher than hybrid selection of genomic fragments 28 . However, we think there is room for further improvement, especially in better understanding the annealing thermodynamics of padlock probes, characterizing potential sequence-dependent bias of DNA polymerase or ligase, and postcapture normalization of biased libraries.
In this study we showed that 30,000 probes can capture specific sequences in a single tube. Previously, we have captured exonic targets with 55,000 probes, and SNPs with 132,000 probes (K.Z. et al., unpublished data). As we have not encountered an upper limit, it seems possible that all CpG islands in the human genome (B20 Mb in total size) or other genomic targets of similar size can be captured and sequenced in single-tube reactions. Achieving this goal would probably require further reducing representation bias. Performing multiplexed capture not only has an obvious advantage in reducing reagent cost and labor, it also reduces the amount of starting materials. In our experiments, the amount of input DNA is 200 ng per capturing reaction, which is modest compared with the amount of DNA needed for most genome-scale assays. We also have preliminary evidence that our current probe set works with as little as 50 ng of input DNA, which is equivalent to B10,000 cells (data not shown). The observation that certain probes are 10,000Â more efficient than others suggests that at least some of the targets can potentially be captured from a very small number of cells. Fourteen DMRs identified in this study were covered by the 200 most efficient probes. This would open the door for large-scale methylation analysis on clinical specimens or other samples with a very limited amount of starting materials.
CpG islands are defined by DNA sequence features 29 that do not correlate perfectly with biological functions. Recent studies 11, 30 showed that CpG-rich promoters are associated with both 'housekeeping' genes and genes expressed during embryonic development. It is the CpG-poor promoters that are generally associated with highly tissue-specific genes. Consistent with these reports, we did not observe widespread changes of DNA methylation during reprogramming in the CpG islands on chromosomes 12 and 20. Surprisingly, we still found 288 DMRs that distinguish pluripotent cells and fibroblasts, including 228 from CpG islands. Extrapolation from these numbers suggests that, of the 28,226 CpG islands in the entire human genome, there would be B3,186 DMRs that distinguish fibroblasts from pluripotent. In contrast, we identified 44 DMRs from the 237 ENCODE promoters included in this study. The significant (P ¼ 0.005) enrichment of DMRs in ENCODE promoters compared with CpG islands is unsurprising because all ENCODE promoters have been experimentally validated. Focusing exclusively on CpG islands might not be the most efficient strategy to expand our targeted bisulfite sequencing efforts from two chromosomes to the full genome. It seems that whole-genome bisulfite sequencing of a carefully selected set of cell lines would be especially useful for generating a list of genomic regions, which could then be prioritized for targeted analysis in a larger number of samples.
METHODS
Padlock probe design. We developed a probe design algorithm to search for an optimal set of padlock probes covering an arbitrary set of nonrepetitive genomic targets. This algorithm weights candidate probes based on several sequence features that were previously not considered in eMIP probe design, including the melting temperature, size and word statistics (distribution of 12-mers in the bisulfite-converted genome) of the capturing arms, and gap sizes. When the capturing arms contain one or more CpG dinucleotides, we used multiple probes to iterate all possible methylation state combinations of the CpGs contained within the arms. Chromosome positions of CpG islands were retrieved from the UCSC genome browser (http://genome.ucsc.edu/) based on the hg18 annotation. All the probe sequences, annotations and their relative efficiencies are listed in Supplementary Table 7 online.
Padlock probe production. Libraries of long oligonucleotides (B150 nt) were synthesized by ink-jet printing on programmable microarray, and released (Agilent Technologies). The estimated total yield is 10 fmol per library. PCR amplification was performed in 32-96 reactions (100 ml each) with 0.1 nM template oligonucleotides, 200 mM dNTPs, 400 nM Ap1V4IU primer, 400 nM Approximately 40-60 mg of the purified PCR amplicons were digested with 40 units Lambda Exonuclease (5 U/ml; New England Biolabs (NEB)) in 1Â lambda exonuclease buffer (NEB) at 37 1C for 2 h, followed by denaturing at 90 1C for 5 min, and purified with six Qiagen Qiaquick PCR purification columns. The resulting single-stranded DNA was subsequently digested with 6 units USER enzyme (1 U/ml; NEB) in 1Â DpnII buffer (NEB) at 37 1C for 4 h. We added 10 ml of 100 mM DpnII_V4 guide oligo into the reaction and denatured the mixture at 95 1C for 5 min in a thermocycler, followed by a gradual decrease of temperature (0.1 1C/s) to 60 1C and a 20-min incubation at 60 1C. The mixture was digested with 100 U DpnII (50 U/ml) at 37 1C for 2 h. The single-stranded 102-nt probes were finally purified from the digestion with 6% denaturing PAGE (6% TB-Urea 2D gel; Invitrogen).
Multiplex capture on bisulfite-converted DNA. Genomic DNA was extracted from frozen pellets of fibroblast, iPS or hES cells using Qiagen DNeasy columns, and bisulfite converted with the Zymo DNA Methylation Gold Kit (Zymo Research). Padlock probes (60 nM) and 200 ng of bisulfite-converted genomic DNA were mixed in 10 ml 1Â Ampligase Buffer (Epicentre), denatured at 95 1C for 10 min, then hybridized at 55 1C for 18 h, after which 1 ml gap-filling mix (200 mM dNTPs, 2 U AmpliTaq Stoffel Fragment (ABI) and 0.5 units Ampligase (Epicentre) in 1Â Ampligase buffer) was added to the reaction. For circularization, the reactions were incubated at 55 1C for 4 h, followed by five cycles of 95 1C for 1 min, and 55 1C for 4 h. To digest linear DNA after circularization, 2 ml exonuclease mix (containing 10 U/ml exonuclease I and 100 U/ml exonuclease III; USB) was added to the reaction, and the reactions were incubated at 37 1C for 2 h and then inactivated at 95 1C for 5 min.
Capture circles amplification. 10-ml circularization products were amplified by PCR in 100 ml reactions with 200 nM AmpF6. PCR amplicons were purified with Qiaquick columns, and digested with MmeI: B3.6 nmole purified PCR amplicons, 16 units of MmeI (2 U/ml; NEB), 100 mM SAM in 1Â NEB Buffer 4 at 37 1C for 1 h. The digestions were again column purified, and digested with 3 U USER enzyme (1 U/ml) at 37 1C for 2 h, then with 10 units S1 nuclease (10 U/ml; Invitrogen) in 1Â S1 nuclease buffer at 37 1C for 10 min. The fragmented DNA was column purified, and end repaired at 25 1C for 45 min in 25-ml reactions containing 2.5 ml 10Â buffer, 2.5 ml dNTP mix (2.5 mM each), 2.5 ml ATP (10 mM), 1 ml end-repair enzyme mix (Epicentre), and 15 ml DNA. Approximately 100-500 ng of the end-repaired DNA was ligated with 60 mM Solexa sequencing adaptors in 30 ml of 1Â QuickLigase Buffer (NEB) with 1 ml QuickLigase for 15 min at 25 1C. Ligation products of 150B175 bp in size were size selected with 6% PAGE, and amplified by PCR in 100 ml reactions with 15 ml template, 200 nM Solexa PCR primers, 0.8Â SybrGreen I and 50 ml iProof High-Fidelity Master Mix (Bio-Rad) at 98 1C for 30 s, 12 cycles of 98 1C for 10 s, 65 1C for 20 s, 72 1C for 20 and 72 1C for 3 min. The PCR amplicons were purified with Qiaquick PCR purification columns, and sequenced on Illumina Genome Analyzer. All primer sequences were listed in Supplementary Table 8 online.
Read mapping and data analysis. Mapping of bisulfite sequencing reads was performed with SOAP 31 driven by a customized Perl script. An unbiased mapping strategy in which the mapping success rate is independent of the methylation status was developed. Sequences of the captured targets were extracted from the repeat-masked human genome (hg18), and both strands were 'bisulfite converted' in silico assuming no methylation on all CpG dinucleotides. The raw sequencing reads were also converted to 'unmethylated reads' . To do this, the C/T and A/G ratios for each read were first compared to determine whether the reads corresponding to the bisulfite-converted strand or the reverse-complementary strand. In the latter case, the raw sequence was reverse complemented. All Cs were replaced by Ts in the resulting sequences. The unmethylated reads were then aligned to the unmethylated template sequences using SOAP. The false mapping rate that was due to the use of captured targets instead of the full human genome sequence was 0.21%. Finally, based on the mapping position, the methylation status of each CpG site was retrieved from the unconverted raw reads. Cluster analyses and statistical analyses were performed with R, Cluster3 Perl module, and in-house Perl scripts. The UCSC Genome Browser (http://genome.ucsc.edu/) and Multiexperiment Viewer (http://www.tm4.org/mev.html) was used for data visualization.
